The Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative is developing and validating a mechanistic-based assessment of the proarrhythmic risk of drugs. CiPA proposes to assess a drug's effect on multiple ion channels and integrate the effects in a computer model of the human cardiomyocyte to predict proarrhythmic risk. Unanticipated or missed effects will be assessed with human stem cell-derived cardiomyocytes and electrocardiogram (ECG) analysis in early phase I clinical trials. This article provides an overview of CiPA and the rationale and design of the CiPA phase I ECG validation clinical trial, which involves assessing an additional ECG biomarker (J-Tpeak) for QT prolonging drugs. If successful, CiPA will 1) create a pathway for drugs with hERG block / QT prolongation to advance without intensive ECG monitoring in phase III trials if they have low proarrhythmic risk; and 2) enable updating drug labels to be more informative about proarrhythmic risk, not just QT prolongation.
In the 1990s to early 2000s, multiple noncardiac drugs were removed from the market because of their association with torsade de pointes (TdP), a potentially fatal ventricular arrhythmia. 1 It was quickly recognized that these drugs usually block the potassium channel encoded by the human ether-a-go-go related gene (hERG). The block of the hERG potassium channel (referred to as "hERG block") reduces the delayed rectifier potassium current (IKr) and prolongs cardiac repolarization, which appears as prolongation of the heart rate corrected QT (QTc) interval on the electrocardiogram (ECG) and predisposes to arrhythmias. In response, two international regulatory guidelines for industry were established: the International Council on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) S7B 2 and the ICH E14. 3 The ICH S7B recommends an in vitro assay to assess whether a compound and its metabolites block hERG, while the ICH E14 guideline describes a specific clinical study, the thorough QT (TQT) study.
ICH S7B 2 describes a nonclinical testing strategy for assessing the potential of an investigational new drug and its metabolites to prolong ventricular repolarization ( Figure 1a) . The guideline recommends an integrated risk assessment that includes 1) an in vitro assay to evaluate the effects on late repolarization currents (e.g., hERG assay); 2) an in vivo (animal) QT assay; and 3) use of chemical and pharmacological class information as well as nonclinical and clinical information. Results of these studies can support the planning and interpretation of subsequent clinical studies.
ICH E14 3 describes the clinical evaluation of QTc prolongation and proarrhythmic potential for nonantiarrhythmic drugs, the TQT study ( Figure 1c) . The goal of the TQT study is not to classify drugs as being proarrhythmic per se. The primary goal is to determine whether a drug prolongs the QTc beyond a certain threshold that informs the necessary intensity of ECG monitoring in late-stage clinical trials in patients and to cover the supratherapeutic concentration that would be obtained due to inhibition of metabolism or excretion. TQT studies are typically conducted in healthy volunteers and include dose levels that result in drug concentrations exceeding those expected in patients. The ICH E14 Questions & Answers (Q&A) document was revised in 2015 to allow exposure-response (concentration-QTc) modeling to be used as a primary analysis for assessing the QTc interval prolongation risk of new drugs. 4 The use of exposure-response analysis in early-phase studies can serve as an alternative pathway to assess QTc prolongation of new drugs in lieu of a dedicated TQT study. 5 The ICH S7B and E14 guidelines have been successful in that no new marketed drugs have been associated with unexpected QTc prolongation or unacceptable risk of TdP. However, this has had unintended effects on drug development. While these two biomarkers (hERG block and QTc prolongation) are sensitive for identifying drugs with TdP risk, they are not specific, as multiple drugs block hERG and/or prolong QTc but do not cause TdP. Drug developers routinely perform early screening for hERG potassium channel activity and may discontinue compounds from development if they block hERG. 6 They could then select compounds to advance that may not have optimal ontarget or other pharmacological profile effects. 7 Furthermore, the finding of QTc prolongation during clinical development can result in the termination of a drug despite the fact that QTc prolongation does not necessarily predict a significant proarrhythmic liability. In addition, numerous drugs contain labeling information about QTc prolongation (often quite moderate prolongation) but have an unclear risk of TdP. This may influence a physician's prescribing behavior, such as discouraging the use of certain drugs.
The Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative emerged from the need to develop a standardized, mechanistic-based approach to determine actual TdP proarrhythmic risk (instead of the current approach of relying on nonspecific biomarkers) that could be applied early in drug development to aid in compound selection (Figure 1b) . 8 Since 2013, when it was first introduced, the CiPA initiative has matured into a global effort among regulators (US Food and Drug Administration (FDA), European Medicines Agency, Health Canada, Japan Pharmaceuticals and Medical Devices Agency), industry, and academia coordinated by multiple public-private partnerships (Health and Environmental Science Institute, the Safety Pharmacology Society and the Cardiac Safety Research Consortium). The CiPA initiative proposes a new mechanistic, modelinformed approach to cardiac safety assessment of new drugs, an approach made possible by a more comprehensive understanding of the ionic currents that play a role in QTc prolongation and the development of TdP.
On March 15, 2017 , the FDA held a Pharmaceutical Science and Clinical Pharmacology Advisory Committee public meeting to receive input on the CiPA initiative. 9 The advisory committee voted on three questions related to the proposed approach and potential impact of CiPA as well as the FDA's role in facilitating implementation. The questions and voting results are summarized below:
1. For a QT-prolonging drug, will this mechanistic, model-based approach be fit for the following two applications: a. Determining whether ECGs need to be collected in phase III: VOTE: 11 yes, 2 no; b. Informing proarrhythmic risk language in drug labeling: VOTE: 11 yes, 2 no. The advisory committee members also expressed interest in CiPA's ongoing validation efforts. This article provides a review of the CiPA initiative followed by the background and rationale of the ongoing validation clinical study for the ECG component that would be applied in early phase I clinical trials.
RATIONALE AND COMPONENTS OF CIPA
As depicted in Figure 2 , a key tenet of the CiPA initiative is that ventricular repolarization and TdP risk are dependent on a . In addition to causing hERG block, balanced ion channel-blocking drugs block the L-type calcium and/or late sodium currents (panel d). While balanced ion channel block can prolong both the action potential duration of cadiomyocytes (panel e) and the QT interval on the ECG (panel f), the block of inward currents (calcium, late sodium) prevents the occurrence of early afterdepolarizations and has antiarrhythmic effects. [11] [12] [13] [14] [15] [16] [17] [18] In addition, balanced ion channel block causes different morphology changes in the action potential (panel e, red solid line) and the ECG (panel f, red solid line) than predominant hERG block (panels b and c, respectively). The goal of the CiPA phase I ECG validation study described in this article is to show that exposureresponse ECG analysis can differentiate predominant hERG-blocking drugs from balanced ion channel-blocking drugs. Na, sodium ions; Ca, calcium ions; K, potassium ions.
"symphony" or "balance" of multiple inward and outward ion channel currents, not just reduced IKr by hERG block. 10 In terms of drug-induced TdP, the two most important currents in addition to IKr are the late sodium current and L-type calcium current. IKr is an outward current that, when active, facilitates repolarization. Reduction of IKr caused by hERG block (Figure 2a) delays repolarization, increasing the probability of Ltype calcium current triggering extra beats called early afterdepolarizations (EADs; Figure 2b ), which can initiate TdP (Figure 2c ). Because EADs are triggered by inward currents, 11, 12 blocking inward currents (late sodium or calcium; Figure 2d ) can prevent EADs ( Figure 2e ) and has antiarrhythmic effects (i.e., not leading to TdP; Figure 2f ). [11] [12] [13] [14] [15] [16] [17] [18] Therefore, drugs that block hERG, but also have approximately equipotent late sodium or calcium channel blocking effects, are likely to have a low risk of TdP. These are referred to as balanced ion channel-blocking drugs. Drugs illustrating this could include verapamil (hERG 1 calcium block), ranolazine (hERG 1 late sodium block), and some of the human immunodeficiency virus (HIV) protease inhibitors such as lopinavir and ritonavir, which block hERG, late sodium, and calcium. 19 Amiodarone and its metabolite cause potent hERG block and QTc prolongation, often >60-90 ms; however, it has been associated with a low risk of TdP despite its profound effects on repolarization, probably because it also blocks both late sodium and calcium currents. 19 Thus, late sodium and calcium block shorten the action potential duration of ventricular cells 20 (and QTc [13] [14] [15] ); and, in the presence of QTc prolongation, blockage of these inward currents can prevent the initiation of TdP. 21 Other evidence of the importance of late sodium current block in preventing TdP comes from a canine model of TdP, where coadministration of mexiletine, a late sodium current blocker, reduced QTc prolongation and the number of TdP events associated with sotalol, a predominant hERG blocker. 16 In addition, previous clinical studies have demonstrated that mexiletine can mitigate QTc prolongation caused by the strong hERG blocker quinidine. [13] [14] [15] This has been confirmed in recent clinical studies demonstrating that late sodium current blockers (mexiletine, lidocaine) can reduce drug-induced QTc prolongation caused by the selective hERG blocker dofetilide, 22 and also that mexiletine can mitigate recurrent TdP caused by the acquired long QT syndrome. 18 Because there is now a comprehensive understanding of the ionic currents that play a role in QTc prolongation and the development of TdP, the CiPA initiative proposes a new mechanistic, model-informed approach to cardiac safety assessment of new drugs. Figure 3 illustrates the four components of CiPA's approach: 1) in vitro assessment of drug effects on multiple cardiac ion channels; 2) integration of the multi-ion channel effects in an in silico computer model of the human ventricular cardiomyocyte to output a proarrhythmic risk score; 3) assessment of unanticipated effects in vitro using human induced pluripotent stem cell (iPSC) derived cardiomyocytes; and 4) phase I clinical studies with exposure-response analysis to assess whether the in vivo human electrophysiology differs from what would be expected based on the ion channel testing.
Four working groups have tackled each of the four components, developing intersecting validation plans. To support development and validation of the nonclinical CiPA assays, a set of drugs with well-defined cardiac electrophysiology and known clinical characteristics was identified by a team of expert clinicians, safety pharmacologists, and cardiac electrophysiologists. This drug selection group discussed, selected, and Figure 3 The four components of the Comprehensive in vitro Proarrhythmia Assay (CiPA). Illustration of the four components of the CiPA initiative. First, drug effects on multiple ion channel currents are assessed. Second, a proarrhythmic score is computed using an in silico model of the human ventricular cardiomyocyte, which integrates the individual ion channel effects assessed in the first component. The third component is a confirmatory in vitro study using human stem cell-derived ventricular cardiomyocytes. The goal of component four is to use human phase I ECG data to determine if there are unexpected ion channel effects in humans compared to preclinical ion channel data. Table S1 ) into low, intermediate, and high risk of TdP based on published reports, analysis of the FDA adverse event reporting system database, other data sources, and expert opinion. 6, 10, 23 These 28 drugs are being tested in vitro against the multiple ion channel currents and in human iPSC-cardiomyocytes.
As was discussed during the FDA advisory committee deliberations, it is important to note that CiPA is not intended to inform risk for individual patients (i.e., personalized medicine) that may have rare genetic channelopathies that increase the risk for arrhythmias, but rather to rank the risk of a new drug relative to 28 drugs with well-characterized effects based on years of clinical experience. Of note, the current paradigm (ICH S7B/E14) focuses on assessing hERG block and QT prolongation in healthy volunteers. As novel technologies advance (e.g., organs-on-chips and 3D human iPSC-cardiomyocytes), their potential application to drug development will be considered, dependent on validation studies that can establish adequate reproducibility and predictive ability. 10, [24] [25] [26] [27] Ion channel, in silico modeling, and human iPSCcardiomyocyte work streams
For the ion channel work stream, the 12 training drugs have been assessed against seven ion channel currents using manual patch clamp techniques to assess block potency 19 (e.g., to determine percentage ion channel current block and half maximal inhibitory concentration (IC 50 )) and dynamic hERG block. 28, 29 It was observed that hERG, late sodium, and L-type calcium currents were the most frequently blocked ion channel currents at maximum free drug concentrations (C max ) and that low-risk drugs had equal or greater late sodium or calcium block compared to hERG block. 19 The remaining 16 validation drugs are also being assessed via manual patch clamp techniques for their effects on these most critical ion channel currents: hERG, calcium, and sodium (peak and late currents). At the same time, all 28 CiPA drugs are part of an international, multicenter study using high-throughput automated patch clamp techniques.
For the in silico modeling work stream, a dynamic model of the hERG potassium channel with temperature-sensitive transitions between channel states was developed by modifying the Markov model published by Di Veroli et al. in 2013, 30 which could reproduce temperature-induced changes in gating processes. 31 This hERG model was incorporated into the O'HaraRudy ventricular cardiomyocyte cell model 32 and experimental human heart data was reproduced. Using this updated O'HaraRudy cell model, the initial 12 CiPA drugs were categorized into low, intermediate, and high risk for TdP ( Figure 4) . 28, 31, 33 This categorization was made computing the area under the curve of the net current (i.e., the sum of outward potassium and inward calcium and late sodium currents (qNet)) during an action potential. 33 The in silico group also developed a method to incorporate experimental uncertainty and investigated the need for simulating intersubject variability. The in silico model is now being tested with the 16 CiPA validation drugs.
Similar to the ion channel and in silico work, the 28 CiPA drugs are being assessed in human iPSC-cardiomyocyte assays in an international, multisite validation study. Two different laboratory device platforms are being studied: multielectrode arrays and voltage-sensitive optical technologies. While that analysis is ongoing, multiple preliminary studies have demonstrated the potential of these technologies. [34] [35] [36] [37] The exact role of the iPSCcardiomyocytes under CiPA will be guided by the results of these validation efforts.
Clinical phase I ECG biomarker work stream
The last component of CiPA involves an ECG assessment in early clinical phase I studies (single or multiple ascending dose studies) to determine if there are unexpected ion channel effects compared to the preclinical ion channel data, such as due to a human-specific metabolite or differences in protein binding. The CiPA phase I ECG working group identified the following key criteria for any new CiPA ECG biomarker: the new ECG biomarker must 1) add additional information beyond PR, QRS, and QTc that allows for differentiating predominant hERGblocking drugs (with TdP risk) from drugs that block hERG along with calcium and/or late sodium (balanced ion channelblocking drugs with low TdP risk); 2) be corrected for heart rate if needed; 3) have sufficient power to detect changes in small sample sizes with exposure-response analysis; and 4) be available for widespread use.
The CiPA phase I ECG working group considered 12 potential ECG biomarkers. 38 Through analysis of two prior FDAsponsored clinical trials including eight drugs (dofetilide, quinidine, ranolazine, verapamil, lidocaine, mexiletine, moxifloxacin, and diltiazem), along with multiple drug combinations, the working group identified the heart rate-corrected J-Tpeak Figure 4 In silico proarrhythmia risk categorization of the 12 CiPA training set drugs. Mechanistic proarrhythmic prediction from the in silico cardiomyocyte model indicating how close a drug is to generating an early afterdepolarization, the trigger for torsade de pointes. The X axis indicates drug concentration in multiples of clinical C max for each drug separately (e.g., 1-fold C max , 2-fold C max , etc., up to 19-fold C max ); Y axis is the proarrhythmic metric, which is defined as the area under the curve of the net current during an action potential (qNet, see text and Dutta et al.
33
). Drugs associated with different TdP risk categories are labeled and color-coded as high risk (red solid squares), intermediate risk (blue triangles), and low risk (green empty squares) based on the clinical risk categorization in Supplementary Table S1 . For quinidine, qNet is reported only for C max because simulations for higher concentrations caused early afterdepolarizations. Adapted from Dutta et al.
interval (J-Tpeakc; defined below) as the best biomarker to differentiate QTc-prolonging drugs with predominant hERG block (with TdP risk) from QTc-prolonging drugs with hERG and late sodium or calcium current block (balanced ion channel-blocking drugs with low TdP risk). 39 Figure 5a defines the J-Tpeak interval and shows its relation to the ventricular cell action potential. The QT interval can be divided into three components: 1) QRS interval that corresponds to ventricular cell depolarization; 2) end of QRS to peak of the T-wave (J-Tpeak interval) that corresponds to early repolarization; and 3) the peak of the T-wave to end of the T-wave (Tpeak-Tend interval) that corresponds to late repolarization. A retrospective analysis of 34 TQT studies 40 followed by two prospective clinical trials 22, 41 including eight drugs demonstrated that drugs that predominantly block hERG prolong QTc by prolonging both J-Tpeakc (early repolarization) and Tpeak-Tend (late repolarization), while drugs that block hERG along with calcium and/or late sodium (balanced ion channel block) prolonged QTc by prolonging Tpeak-Tend with no or limited effect on the J-Tpeakc interval. 22, 40, 41 Figure 5b shows data from the first prospective clinical trial, 41 where dofetilide (predominant hERG blocker) prolonged QTc by prolonging both J-Tpeakc and Tpeak-Tend. In contrast, ranolazine (balanced hERG and late sodium blocker) prolonged QTc by only prolonging TpeakTend, but not J-Tpeakc.
A second clinical trial 22 studied the combined effects of dofetilide (predominant hERG blocker) with lidocaine and mexiletine, which are each predominant late sodium blockers. The goal of the study was to determine if the ECG "signature" of ranolazine (balanced hERG and late sodium block) could be recreated by combining two separate drugs (dofetilide 1 lidocaine and dofetilide 1 mexiletine). As shown in Figure 6 , dofetilide alone prolonged QTc by prolonging both J-Tpeakc and Tpeak-Tend. When lidocaine and mexiletine were coadministered with dofetilide, QTc was shortened by exclusively shortening J-Tpeakc, without an effect on Tpeak-Tend. Thus, the ECG "signature" of ranolazine was recreated, where QTc is prolonged without prolonging J-Tpeakc.
Most of the other studied ECG biomarkers had exposureresponse relationships with hERG block, but paralleled QTc changes and did not provide independent information. 38 In addition, the J-Tpeak interval can be corrected for heart rate 40 and has sufficient power to differentiate changes with exposureresponse analysis in the small sample sizes (Section 2 in the statistical analysis plan in the Online Supplement) typical of phase I a b studies. The J-Tpeakc analysis algorithm has been released as an open-source code to facilitate widespread testing (https://github. com/FDA/ecglib), 42 which has been performed by multiple independent groups as a part of an "ECG challenge" associated with the 2017 International Society of Computerized Electrocardiology annual conference. [43] [44] [45] [46] [47] The CiPA phase I ECG working group held a public workshop sponsored by the Cardiac Safety Research Consortium in April 2016, where the current status, validation, and implementation strategy were discussed. Identified next steps included: 1) finalizing a statistical framework that can be applied in small sample sizes with exposure-response analysis similar to QTc; 2) extending analysis to a larger number of prior clinical studies with matching multi-ion channel data; 3) performing a multisite reproducibility study of using the J-Tpeakc interval; and 4) planning and completing a confirmatory prospective study in 2017 with a small sample size design similar to first-in-human single ascending dose or multiple ascending dose studies. The design of this validation study is described below.
Potential impact of CiPA
If CiPA is successful, it will enable compounds with hERG block and/or QTc prolongation, which might be terminated from development under the current paradigm, to have a clearer path to advance if they are shown to have low proarrhythmic risk. Clinical development would be streamlined as drugs with a low proarrhythmic potential, despite inhibiting hERG and prolonging the QTc interval, would not require intensive ECG monitoring during phase III clinical trials and could be expected to have labeling indicating they are low-risk drugs (Figure 1d) . In addition, QTc prolonging drugs on the market that are not proarrhythmic could have labeling updated to reflect this.
As previously discussed, the primary goal of the TQT study described in ICH E14 is to determine the intensity of ECG monitoring in later-stage clinical studies based on whether a drug prolongs QTc. If the drug prolongs QTc, ICH E14 and its Q&A provide an approach as to which intensity of monitoring should be applied in late-stage studies (Figure 1c) . With CiPA, the integrated assessment of proarrhythmic risk described earlier could influence this monitoring decision process (Figure 1d) . In particular, the CiPA ECG component and the ECG biomarker clinical validation study discussed below could provide more clarity in cases where the QTc is prolonged by more than 10 ms.
CLINICAL VALIDATION STUDY BACKGROUND AND MOTIVATION
As outlined previously, at clinically relevant concentrations, drugs that predominantly block hERG without late sodium or L-type calcium current block (predominant hERG-blocking drugs) cause QTc prolongation 19, 22, 40, 41 and have a high risk of TdP. However, at clinically relevant concentrations, drugs that block hERG with approximately equipotent late sodium and/or calcium current block (balanced ion channel-blocking drugs) can cause QTc prolongation, 19, 22, 40, 41 but have a low risk of TdP. Thus, not all hERG block and QTc prolongation is associated with TdP.
Under CiPA, the initial prediction of proarrhythmic risk will come from the in silico computational model (Figure 3 ). CiPA will utilize an ECG assessment in early clinical phase I studies to determine if there are unexpected ion channel effects, such as effects resulting from a human-specific metabolite or differences in protein binding, compared to the preclinical ion channel data ( Figure 3) . 23 As detailed previously, the CiPA phase I ECG working group identified the J-Tpeakc as the best biomarker to differentiate balanced ion channel-blocking drugs from predominant hERG-blocking drugs. 39 Drugs that exhibit "balanced ion channel" effects often have QTc prolongation, but do not exhibit J-Tpeakc prolongation. 22, 40, 41 These ECG "signatures" have been shown for multiple drugs and drug combinations blocking either hERG and late sodium or hERG and late sodium and calcium; however, the evidence is less clear for whether QTc prolongation caused by hERG and calcium block alone (with no late sodium block) exhibits J-Tpeakc prolongation. 22, 41 The current clinical study (clinicaltrials.gov: NCT03070470) was designed to: 1) validate the proposed role of phase I ECG assessment under CiPA, and 2) to address the important hERG and calcium block question. The study consists of two parts: a 50-subject parallel part (Part 1) and a 10-subject crossover part (Part 2). The primary objectives of the study are:
1. To confirm that exposure-response analysis of the electrocardiographic QTc and J-Tpeakc intervals in phase I clinical pharmacology studies can be used to confirm that balanced ion channel-blocking drugs do not cause J-Tpeakc prolongation and predominant hERG-blocking drugs cause QTc prolongation. This will be assessed in Part 1. 2. To test the hypothesis that calcium channel block can reduce the QTc prolongation from hERG block by shortening JTpeakc. This will be assessed in Part 2.
The study design is summarized below. Complete and detailed versions of the study protocol and statistical analysis plan can be found in the online Supplement.
Part 1: Parallel study design
Part 1 of the study will assess primary objective 1. Part 1 will be a double-blind, randomized, placebo-controlled, one-period parallel design to assess the effect of four marketed drugs and one placebo on the QTc and J-Tpeakc intervals in 50 healthy subjects. Part 1 will include four drugs with well-characterized ion channel effects, QTc effects, and TdP risk. Three drugs will be balanced ion channel blockers (approximately equipotent hERG and late sodium and/or calcium block) with low TdP risk (ranolazine, verapamil, and lopinavir 1 ritonavir combination) and one drug will be a predominant hERG blocker with TdP risk (chloroquine). The ion channel effects of these drugs are shown in Figure 7 .
19 A parallel design similar to an early phase I study will be used that will result in each study drug being administered to 10 subjects, and placebo to 10 subjects, on 3 consecutive days to achieve low and high exposure levels on Days 1 and 3, respectively.
Part 1: Treatments administered
On Days 1, 2, and 3 subjects will receive one of the treatments listed under Part 1 in Table 1 according to the study's randomization schedule.
Ranolazine. The dose selected for ranolazine is 1,500 mg twice a day for 2.5 days. In a prior study, a single dose of 1,500 mg resulted in 2.3 lg/mL C max and caused a mean QTc prolongation of $10 ms without prolonging J-Tpeakc. 41 Ranolazine causes approximately equipotent hERG and late sodium block (Figure 7) . This balanced ion channel-blocking drug prolongs QTc but has a low risk of TdP. 19 Since the primary endpoint of this study is to test whether J-Tpeakc is not prolonged at high exposure levels for balanced ion channel-blocking drugs, 1,500 mg twice a day for 2.5 days will be administered. This supratherapeutic dose has been administered previously to 14 healthy subjects for up to 5 days 48 and 191 patients for 1 week. 49 The selected dose is expected to cause QTc prolongation with no prolongation of the J-Tpeakc interval at high exposure levels on Day 3.
Verapamil. Verapamil predominantly blocks the L-type calcium current, and to a somewhat lesser degree it also blocks hERG at clinical concentrations ( Figure 7) . A single oral dose of verapamil 120 mg prolonged the PR interval on the ECG, but did not prolong QTc or J-Tpeakc in a previous study. 41 To achieve high verapamil concentrations on Day 3 while minimizing the risk for potential adverse events in healthy subjects (e.g., heart block), the dose selected for verapamil is 120 mg immediate release for the morning and afternoon doses on Days 1 and 2, a 240 mg extended release evening dose on Days 1 and 2, and a 120 mg immediate release morning dose on Day 3. These doses are within the maximum dose of the drug label (480 mg daily), have been previously administered to healthy subjects, 50 and will result in substantially higher concentrations than those in Johannesen et al. 41 No prolongation of the J-Tpeakc interval with potential QTc prolongation is expected at high exposure levels on Day 3.
Lopinavir 1 Ritonavir. Lopinavir is available only in a fixed dose combination with ritonavir, which is used to increase and maintain adequate lopinavir concentrations. The dose selected for lopinavir 1 ritonavir is 800/200 mg twice a day for 2.5 days. This dose was selected to be equivalent to the supratherapeutic dose administered in a TQT study in 39 healthy subjects. 51, 52 Both lopinavir (hERG and calcium block) and ritonavir (hERG, calcium and late sodium block) block inward currents in addition to hERG (Figure 7) . This dose is expected to cause $10 ms QTc prolongation at low exposure levels on Day 1 and 20 ms QTc prolongation and no J-Tpeakc prolongation at high exposure levels on Day 3.
Chloroquine. Chloroquine is a predominant hERG blocker ( Figure 7 ) that prolongs QTc. The dose selected for chloroquine is 1,000 mg on Day 1, 500 mg on Day 2, and 1,000 mg on Day 3. This dose is consistent with the labeled dose of 2.5 g chloroquine phosphate over 3 days and has been previously administered to 40 healthy subjects. 53 It is expected that this dose will cause QTc prolongation of $10 ms at low exposure levels on Day 1 and 20 ms at high exposure levels on Day 3.
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Part 1: Statistical methods
Sample size. The sample size of 10 subjects per arm in a parallel design was selected to mirror the sample size in standard single or multiple ascending dose studies. For example, a waiver for a Treatments administered for each study part and day as well as their corresponding ion channel effects. Pbo, placebo; Lop, lopinavir; Rit, ritonavir; Dof, dofetilide, Dilt, diltiazem; IR, immediate release; ER, extended release; hERG, predominant hERG block. Figure 7 shows specific ion channel effects for each drug. For more detailed information, see text and clinical study protocol in the online supplement.
TQT study was recently granted based on exposure-response analysis of an early phase I clinical study. 5 That study had 20 subjects on placebo, 10 subjects in the single ascending dose portion, and 10 subjects in the multiple ascending dose portion. In addition, resampling of the data from the ranolazine and moxifloxacin arms from Johannesen et al. 22, 41 using previously published methodologies 54, 55 suggests that this sample size and study design would be sufficient to detect QTc prolongation from predominant hERG block by moxifloxacin and to exclude J-Tpeakc prolongation from balanced ion channel block with ranolazine. Of note, this was with a single dose of ranolazine 1,500 mg, while the current study will include ranolazine 1,500 mg twice a day for 2.5 days. Similar analysis of previously conducted TQT studies suggests that this sample size and study design will also be sufficient to exclude J-Tpeakc prolongation for the balanced ion channel-blocking drugs in this study. This is also consistent with the method used in the Darpo et al. study. 56 That study was able to detect QTc prolongation for the predominant hERG-blocking drugs and to exclude QTc prolongation for the drug with no ion channel effects. 57 Primary analysis. The primary variable for the exposure-response analysis will be the change-from-baseline in QTc (DQTc) for the predominant hERG-blocking drug (chloroquine) and change from baseline in J-Tpeakc (DJ-Tpeakc) for the balanced ion channel-blocking drugs (ranolazine, verapamil, lopinavir1ritonavir combination), where the mean of the three predose ECG readings on Day 1 will be used as the baseline. The concentration of the drug (set to "0" for placebo) will be used as a covariate. Data will be analyzed using linear mixed-effects exposure-response models as follows:
where DECG is change from baseline in the ECG biomarker (e.g., DQTc, DJ-Tpeakc), concentration is the drug concentration (set to "0" for placebo), time is the nominal timepoint, treatment is coded as "0" for placebo and "1" for the active drug, subjid is the subject identifier and "(1 1 concentrationjsubjid)" indicates between-subject random effects on the intercept and the slope for concentration.
Supplementary Table S2 summarizes the statistical tests and corresponding hypotheses for each primary endpoint. Briefly, the criterion for the three balanced ion channel-blocking drugs (ranolazine, verapamil, lopinavir 1 ritonavir combination) will be based on the predicted J-Tpeakc effect on the third day of dosing. To demonstrate a lack of J-Tpeakc prolongation for each of the three drugs:
The upper bound of the two-sided 90% confidence interval (CI) of the predicted mean placebo adjusted change from baseline DDJ-Tpeakc must be <10 ms at the observed geometric mean of the maximum concentration (C max ) on Day 3.
The criterion for the predominant hERG-blocking drug (chloroquine) will be based on the predicted QTc effect on the first day of dosing. To demonstrate the presence of QTc prolongation for chloroquine:
The upper bound of the two-sided 90% CI of the predicted mean placebo adjusted change from baseline QTc (DDQTc) must be !10 ms at the observed geometric mean of C max on Day 1.
Part 2: Crossover study design Part 2 will test whether calcium block (diltiazem) can reduce the QTc prolongation from hERG block (dofetilide) by shortening J-Tpeakc. Part 2 will be a double-blind, randomized, two-period crossover design to assess the effect of hERG block vs. calcium block on the QTc and J-Tpeakc intervals in 10 healthy subjects. Part 2 will include two oral drugs (dofetilide and diltiazem) with well-characterized individual ion channel effects and TdP risk. Dofetilide is a predominant hERG blocker, while diltiazem is a predominant L-type calcium channel blocker. 19 The ion channel effects of these drugs are shown in Figure 7 . A crossover design similar to a drug-drug interaction phase I study will be used that will result in each study drug or a combination of both being administered to 10 subjects in two periods of 3 consecutive dosing days each, with a 5-day washout period in between. This washout period is enough to prevent carryover effects because it is greater than 5 times the half-lives for dofetilide 58 and diltiazem. 59 
Part 2: Treatments administered
In a crossover design, subjects will receive each of the treatments listed under Part 2 in Table 1 according to a randomization schedule with a 5-day washout between treatment assignments. Dofetilide. Dofetilide is a predominant hERG blocker ( Figure 7) . The dose selected for dofetilide is 0.125 mg on Day 1, placebo on Day 2, and 0.375 mg on Day 3. This dose is less than the labeled dose (0.5 mg twice a day) and less than the dose of 0.5 mg previously administered to healthy subjects. 41 It is expected that this dosing regimen will cause QTc prolongation of $15 ms and $45 ms on Days 1 and 3, respectively. 22, 41 While it is not part of the primary endpoint, it is expected that dofetilide will prolong QTc by prolonging both the J-Tpeakc and Tpeak-Tend intervals. 22, 41 Diltiazem and dofetilide. Diltiazem is a predominant L-type calcium blocker (Figure 7) . The dose selected for diltiazem is 120 mg immediate release in the morning on Day 1, 240 mg extended release in the evening on Day 1 and 2, and 120 mg immediate release on Day 3. This dose is within the maximum labeled dose of 480 mg daily for immediate release and 540 mg daily for extended release. On Day 3, 0.25 mg of dofetilide will be coadministered with diltiazem. This dose is different from the dose administered when dofetilide is given alone because there may be a pharmacokinetic interaction causing an increase in dofetilide concentration. When diltiazem is given in combination with dofetilide, QTc prolongation greater than 10 ms with no JTpeakc prolongation is expected on Day 3.
Part 2: Statistical methods
Sample size. For Part 2, the sample size of 10 subjects, with five subjects per treatment sequence in a crossover design was selected by resampling and further simulation of the data from Johannesen et al. 22 This analysis demonstrated that, with eight subjects, the use of exposure-response modeling could detect the QTc shortening by J-Tpeakc shortening caused by inward current block on the QTc and J-Tpeakc prolongation associated with hERG block using a crossover design. For Part 2, we anticipate that the selected dose for the calcium blocker (diltiazem) will result in similar or larger QTc and J-Tpeakc effects than those observed with mexiletine and lidocaine in Johannesen et al. 22 because the calcium current is larger than the late sodium current. Therefore, and to account for potential dropouts, Part 2 of the study will use a crossover design with 10 subjects.
Primary analysis. For Part 2, the primary variable for the exposure-response analysis will be the change-from-baseline in QTc (DQTc) for the pooled treatment sequences of dofetilide alone, diltiazem alone, and dofetilide 1 diltiazem, where the mean of the three predose ECG readings on Day 1 will be used as the baseline. Data will be analyzed using linear mixed-effects exposure-response models where the concentration of dofetilide and diltiazem will be used as covariates. The following model is an example for QTc:
where DQTc is change from baseline in QTc, dof is dofetilide concentration, dilt is diltiazem concentration and subjid is the subject identifier and "(1 1 dofjsubjid)" and "(1 1 diltjsubjid)" indicate between-subject random effects on the intercept and the slope for dofetilide and diltiazem concentrations, respectively. Supplementary Table S2 summarizes the statistical tests and corresponding hypotheses for each primary endpoint. Briefly, to demonstrate that calcium channel block (diltiazem) reduces the QTc prolongation from hERG block (dofetilide) by shortening J-Tpeakc:
It will be assessed whether the projected QTc effect of dofetilide alone is significantly greater (i.e., P < 0.05) than the projected QTc effect of the combination of dofetilide 1 diltiazem. This will be assessed at the dofetilide peak plasma level on Day 3 (computed from the combination of dofetilide 1 diltiazem) on the pooled dofetilide alone, diltiazem alone, and dofetilide 1 diltiazem data using a linear mixed-effects model. If the previous test is statistically significant for QTc, the same test will be performed for J-Tpeakc.
Overall, this two-part clinical study will significantly contribute to knowledge regarding multi-ion channel effects on the QTc and the J-Tpeakc intervals. This study will also provide a test of the hypothesis that calcium channel block reduces the QTc prolongation from hERG block by shortening J-Tpeakc. If successful, this clinical study will validate a strategy to differentiate drugs that are predominant hERG blockers from balanced ion channelblocking drugs using ECG data from small sample size clinical trials that could be used under CiPA.
CONCLUSIONS AND FUTURE DIRECTIONS
CiPA is intended to be a fit-for-purpose paradigm that will utilize an in silico computational model of the human ventricular cardiomyocyte to serve as the primary prediction of proarrhythmic risk of new drugs. There will be additional checks to ensure that drug effects on repolarization are not missed by assessing human iPSC-cardiomyocytes as well as phase I clinical ECG data using exposure-response modeling. As part of the validation of CiPA, a clinical validation study with small sample size was developed to confirm that exposure-response analysis of the QTc and JTpeakc intervals in clinical phase I studies can be used to differentiate between predominant hERG-blocking drugs and balanced ion channel-blocking drugs as well as to test the hypothesis that calcium channel block can reduce QTc prolongation from hERG block by shortening J-Tpeakc.
If successful, CiPA will 1) enable application of mechanistic studies to inform drug screening early in drug development, in particular for drugs with hERG block and/or QTc prolongation, to better inform which compounds should be selected to advance in development; 2) create a pathway for QTc prolonging drugs with low proarrhythmic risk to advance without the need for intensive ECG monitoring in clinical phase III trials if they are shown to have low proarrhythmic risk; and 3) enable updating drug labels to be more informative about proarrhythmic risk, not just QT prolongation. As discussed in this article, in March 2017, an FDA advisory committee voted that CiPA would be fit for impacting clinical drug development (advisory committee questions 2 and 3), pending completion of the described nonclinical and clinical validation studies.
The CiPA Steering Committee has provided the ICH S7B/ E14 Discussion Group with regular updates on the ongoing validation efforts. The results of the nonclinical and clinical validation studies described in this article will inform how CiPA may result in modification to the ICH guidelines to shift from focusing on hERG block and QT prolongation to informing proarrhythmic risk, as not all hERG-blocking and QT prolonging drugs cause TdP. Moreover, CiPA's mechanistic-based, multicomponent and multistakeholder approach can serve as a model for how to assess safety of new drugs.
Additional Supporting Information may be found in the online version of this article. 
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